Transmission secondary ion mass spectrometry using 5 In the secondary ion mass spectrometry (SIMS), use of cluster ions has an advantage of producing a high sensitivity of intact large molecular ions over monatomic ions. This paper presents further yield enhancement of the intact biomolecular ions by measuring the secondary ions emitted in the forward direction. Phenylalanine amino acid films deposited on self-supporting thin Si 3 N 4 films were bombarded with 5 MeV C 60 ions. Secondary ions emitted in the forward and backward directions were measured. The yield of intact phenylalanine molecular ions emitted in the forward direction is significantly enhanced compared to the backward direction while fragment ions are suppressed. This suggests a large potential of using transmission cluster ion SIMS for the analysis of biological materials. There has been an increasing demand to extend accessible mass range in secondary ion mass spectrometry (SIMS) particularly for biological and biomedical molecular imaging.
1,2 During the past two decades, various kinds of large clusters, such as C 60 ions, 3 argon gas cluster ions, 4 water cluster ions, 5 and metal cluster ions, 6 have been used as primary ions. It was shown that these cluster ions enhance emission of intact large molecular ions compared to monatomic ion bombardment.
In SIMS, secondary ions emitted from a sample in the backward direction with respect to the direction of a primary ion are generally measured. If a specimen of a selfsupporting thin film is used, the secondary ions emitted in the forward direction upon transmission of the primary ions can also be measured. So far, there have been only few studies about the transmission SIMS. 7, 8 Boussofiane-Baudin et al. found enhancement of secondary ion yield in the forward direction compared to the backward direction. 7 The origin of the enhancement was suggested to be the larger stopping power at the exit surface due to higher charge states achieved during the passage. Because the projectiles can directly transfer their momentum to the target atoms in the forward direction there might be further enhancement in the forward direction in addition to their proposed mechanism. Thus, cluster ion SIMS in combination with the geometry of forward emission may be a promising technique to enhance the yield of intact large molecular ions. However, there has been almost no attempt to measure secondary ions emitted by large cluster ions in the forward direction. This is because the energy of the primary cluster ions used in SIMS is typically several tens of keV. These ions cannot penetrate through a specimen, unless the specimen is extremely thin. For example, the projected range of 30 keV C 60 ions in silicon is only 6.7 nm. 9 In the transmission geometry, cluster ions of much higher energies are required.
In the present paper, we employ 5 MeV C 60 þ ions to measure secondary ions emitted in the forward direction from phenylalanine amino acid films deposited on self-supporting amorphous Si 3 N 4 (a-Si 3 N 4 ) films. We found significant enhancement of the intact phenylalanine ion yield and suppression of fragment ions in the forward direction compared to the backward direction. The origin of the observed enhancement and suppression is discussed in terms of the density distribution of the deposited energy.
Phenylalanine amino acid was purchased from Nakalai Tesque (Japan) and used without further purification. Self-supporting a-Si 3 N 4 films (1.5 Â 1.5 mm 2 ) of thickness 20-50 nm made by low pressure chemical vapor deposition were purchased from Silson Ltd (Northampton, UK). Thin films of phenylalanine (20-100 nm) were prepared on the a-Si 3 N 4 films using vacuum evaporation. The thickness and uniformity of the deposited phenylalanine films were estimated by measuring energy loss spectra of 6 MeV Cu 4þ ions passing through the phenylalanine/a-Si 3 N 4 films.
A beam of 5 MeV C 60 þ ions was produced by a 3 MV tandem accelerator at JAEA/Takasaki. The beam was collimated by an aperture (diameter 1 mm) and sent to a scattering chamber (base pressure 1 Â 10 À6 Pa). For the SIMS measurements, the beam current was reduced to less than 0.1 fA. The collimated beam was incident on the phenylalanine/a-Si 3 N 4 film from the a-Si 3 N 4 side at 45 with respect to the surface normal. The ions passing through the film were detected by a silicon surface barrier detector of 20 mm diameter which was placed about 110 mm downstream from the specimen. Positive secondary ions emitted in the forward direction from the phenylalanine films were accelerated by a mesh electrode biased at À0.7 kV and detected by a micro-channel plate (MCP) after traveling through a drift tube of 930 mm length. The timing of the projectile and secondary ion signals were measured by a 4ch time-to-digital converter (WE7521: Yokogawa Electric Corp., time resolution 5 ns) and the data was stored in a list mode. About 5 Â 10 5 events were acquired for each measurement. We also measured the secondary ions emitted in the backward direction from the phenylalanine film. In this backward measurement, the drift tube and MCP were moved behind the sample (135 with respect to the beam direction) and the phenylalanine/a-Si 3 N 4 film was rotated by 180 so that the secondary ions emitted from the entrance surface of the phenylalanine film can be measured. For comparison, similar measurements were performed with 6 MeV monatomic Cu 4þ ions produced by a 1.7 MV tandetron accelerator at Kyoto University. In the following, we will first present and discuss the results of 6 MeV Cu 4þ . Figure 1 shows the observed mass spectra of positive secondary ions emitted in the forward (solid line) and backward (dashed line) directions when 6 MeV Cu 4þ ions are incident on the phenylalanine(90 nm)/a-Si 3 N 4 (50 nm ] þ . Similar enhancement of the secondary ion yield in the forward direction was observed by Boussofiane-Baudin et al. 7 They observed protonated phenylalanine ions emitted in the forward and backward directions from a phenylalanine film deposited on a self-supporting carbon foil irradiated with 4-14 MeV Au þ ions. The ratio of the forward to backward yield observed by them was $1.6. The origin of the observed enhancement was suggested to be the difference in the stopping power between the entrance and exit surfaces. During the passage through the film, the charge state of the Au ions increases from 1þ to the equilibrium charge state, which is about 9þ for 7 MeV Au ions. Thus, the stopping power at the exit surface is larger than the entrance surface. Consequently, the secondary ion yield becomes larger in the forward direction. The present enhancement of the forward yield may be explained by this scenario. In order to confirm this, the transmitted Cu ions were resolved into their charge states using a dipole magnet and TOF spectra were measured for each charge state. The mean charge state of the transmitted Cu ions was measured to be 8.5þ, which is about twice larger than the incident charge state (4þ). Figure 2 shows the dependence of the [M þ H] þ yield on the exit charge state. As is expected, the observed yield increases with charge state, confirming that the enhancement of secondary ion yield in the forward direction is ascribed to the charge state difference between the entrance and exit surfaces.
The ratios of the forward to backward yield for various fragment ions together with the intact molecular ion are plotted as a function of mass number in Fig. 3 (triangles) . The ratio increases with decreasing mass number, indicating that yield enhancement in the forward direction is more pronounced for fragment ions. This behavior may also originate from the difference in the stopping power between the entrance and exit surfaces. There is a general consensus that the fragment ions are emitted mainly from the central region (infratrack), where the density of the deposited energy is high, while intact molecules are emitted mainly from the outer region (ultratrack) as is schematically shown in Fig.  4(a) . 10, 11 In the case of larger stopping powers (higher charge states), the density distribution of deposited energy is higher and broader than the case of smaller stopping powers (see Fig. 4(b) ). As a result, both the central and outer regions are wider but the increase of the central region is more pronounced as is schematically shown in Fig. 4(b) . Consequently, the yield of the fragment ion increases more rapidly with increasing stopping power (charge state) than the intact molecular ion. Figure 5 shows the mass spectra of positive secondary ions emitted in the forward (solid line) and backward (dashed line) directions observed using 5 MeV C 60 þ ions. Although the projectile energy is comparable to 6 MeV Cu 4þ ions the observed secondary ion yield is much larger. The
þ yield is 4.7 Â 10 À3 ions/incident ion in the backward direction, which is about 4 times larger than that for 6 MeV Cu 4þ ions. The enhancement is more pronounced in the forward direction. The [M þ H] þ yield is 3.9 Â 10 À2 ions/incident ion which is 8 times larger than the backward direction. It is also noteworthy that the yield of the fragment ions are suppressed in the forward direction compared to the backward direction. Figure 3 shows the forward to backward yield ratio as a function of the mass number of the secondary ion (circles). The ratio is about 0.2 for smaller fragment ions and increases very rapidly with mass number. Interestingly, this behavior is opposite to the case of 6 MeV Cu þ ions. During the passage of C 60 þ through the target foil, the constituent carbon atoms are subject to scattering. As a result, they separate from each other and distribute in a wider region. The broadening of the spatial distribution due to the multiple scattering was estimated using the SRIM code.
12 Figure 6 shows the obtained spatial distribution of constituent carbon ions at the exit surface of the sample (a-Si 3 N 4 (20 nm)/phenylalanine(99 nm)). The FWHM of the distribution is about 47 nm, which is about 70 times larger than the diameter of C 60 þ . Note that the carbon ions are also subject to the Coulomb explosion, but the expected broadening due to the Coulomb explosion is only 6 nm, indicating that the distribution is mainly determined by the multiple scattering. Thus, at the exit surface, the deposited energy distributes in a large area with a relatively low peak density. This is a preferable situation for the emission of intact molecular ions. On the contrary, at the entrance surface, the deposited energy concentrates in a narrow area, which results in intense fragmentation of target molecules. Thus, the intact molecular ion is pronounced in the forward direction and the fragment ions are pronounced in the backward direction as was observed. In passing, the bias voltage of the MCP entrance was as low as À1 kV with respect to the target (i.e., the energy of secondary ion was 1 keV) in the present measurement due to the instrumental limitation. Thus, the efficiency of MCP might be low especially for heavy ions. This means the absolute secondary ion yields measured in the present paper are slightly meaningless (real yields might be larger). The forward to backward ratio, however, is not affected by the possible low efficiency. The measurement of the absolute yield is now in progress.
Finally, we mention that a small peak seen at m/z $ 149 shows a slightly strange behavior. The yield is much stronger in the backward direction compared to the forward direction for 6 MeV Cu 4þ (see Fig. 1 ), while it is opposite for 5 MeV C 60 þ (see Fig. 4 ). The origin of this strange behavior is not clarified yet. In summary, secondary ions emitted from phenylalanine amino acid films were measured under bombardment of 5 MeV C 60 þ ions. The forward yield of the intact phenylalanine ion is about one order of magnitude larger than the backward direction. The fragment ions are suppressed in the forward direction compared to the backward direction and the degree of the suppression increases with decreasing mass number. The origin of these behaviors can be explained by the difference in the spatial distribution of the deposited energy between the entrance and exit surfaces. At the exit surface, a broader distribution with a low peak energy density is achieved. Such a distribution is preferable for the soft ionization which results in enhancement of the intact molecular ion emission and suppression of fragmentation. The present result suggests a large potential of using transmission cluster ion SIMS for the analysis of biological materials.
